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Abstract: Inbreeding is widely hypothesized to shape mating systems and population persistence, but such
effects will depend on which traits show inbreeding depression. Population and evolutionary consequences
could be substantial if inbreeding decreases sperm performance and hence decreases male fertilization
success and female fertility. However, the magnitude of inbreeding depression in sperm performance traits
has rarely been estimated in wild populations experiencing natural variation in inbreeding. Further, the
hypothesis that inbreeding could increase within-ejaculate variation in sperm traits and thereby further
affect male fertilization success has not been explicitly tested. We used a wild pedigreed song sparrow
(Melospiza melodia) population, where frequent extrapair copulations likely create strong postcopulatory
competition for fertilization success, to quantify effects of male coefficient of inbreeding (f) on key sperm
performance traits. We found no evidence of inbreeding depression in sperm motility, longevity, or
velocity, and the within-ejaculate variance in sperm velocity did not increase with male f. Contrary
to inferences from highly inbred captive and experimental populations, our results imply that moderate
inbreeding will not necessarily constrain sperm performance in wild populations. Consequently, the widely
observed individual-level and population-level inbreeding depression in male and female fitness may not
stem from reduced sperm performance in inbred males.
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Inbreeding	 is	widely	 hypothesized	 to	 shape	mating	 systems	 and	 population	 persis-
tence,	 but	 such	 effects	 will	 depend	 on	 which	 traits	 show	 inbreeding	 depression.	
Population	 and	 evolutionary	 consequences	 could	 be	 substantial	 if	 inbreeding	 de-
creases	sperm	performance	and	hence	decreases	male	fertilization	success	and	female	
fertility.	 However,	 the	 magnitude	 of	 inbreeding	 depression	 in	 sperm	 performance	
traits	has	rarely	been	estimated	in	wild	populations	experiencing	natural	variation	in	
inbreeding.	 Further,	 the	 hypothesis	 that	 inbreeding	 could	 increase	within-	ejaculate	
variation	in	sperm	traits	and	thereby	further	affect	male	fertilization	success	has	not	














Inbreeding	 and	 consequent	 inbreeding	 depression,	 defined	 as	 re-
duced	mean	fitness	in	offspring	resulting	from	mating	between	rela-
tives,	is	widely	hypothesized	to	drive	the	evolution	of	mating	systems	
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traits	 expressed	 by	 inbred	 individuals,	 including	male	 gametic	 traits	




sperm	 limitation,	 inbreeding	depression	 in	sperm	traits	could	poten-
tially	drive	evolution	of	female	multiple	mating	(Bocedi	&	Reid,	2017;	
see	also	Birkhead	&	Pizzari,	2002;	Forbes,	2014).	As	female	multiple	
mating	 causes	 sperm	 competition	 (i.e.,	 postcopulatory	 competition	
among	different	males’	sperm	to	fertilize	ova,	Parker,	1970),	inbreed-
ing	depression	in	male	sperm	traits	and	fertilization	success	might	then	
be	 exacerbated	 in	 an	 analogous	 way	 as	 precopulatory	 competition	
exacerbates	 inbreeding	depression	 in	male	mating	 success	 (Joron	&	
Brakefield,	2003;	Meagher,	Penn,	&	Potts,	2000).	Inbreeding	depres-
sion	in	male	gametic	traits	might	consequently	cause	inbreeding	de-
pression	 in	 individual	 fitness	 and	hence	 cause	 indirect	 selection	 for	
females	 and	males	 to	 avoid	 inbreeding	 through	mate	 choice	 and/or	
dispersal.
In	 addition	 to	 reducing	mean	 trait	values,	 inbreeding	might	 also	
be	hypothesized	 to	 increase	within-	ejaculate	phenotypic	variance	 in	
sperm	 traits.	 Inbreeding	 can	 increase	 among-	individual	 and	 among-	
population	variances	in	diverse	phenotypic	traits	(Pray	&	Goodnight,	
1997;	Whitlock	&	Fowler,	1996),	but	might	 also	be	expected	 to	 in-
crease	within-	individual	variance,	for	example,	due	to	reduced	devel-
opmental	stability.	In	the	context	of	sperm	performance,	inbred	males	
might	 produce	 more	 variable	 sperm,	 for	 example,	 due	 to	 reduced	
control	of	 the	 spermatogenesis	process	 (reviewed	 in	Losdat,	Chang,	
&	Reid,	 2014).	 Increased	within-	ejaculate	variance	 in	 sperm	pheno-
typic	 traits	 such	as	 length,	motility,	 and	velocity	has	been	hypothe-








Inbreeding	 depression	 in	 mean	 male	 gametic	 traits	 has	 been	
demonstrated	 in	 domesticated	 animals	 and	 plants	 and	 in	 experi-















et	al.,	 2000),	 inbreeding	 depression	 in	 gametic	 traits	 expressed	 in	
wild	 populations	 might	 exceed	 that	 evident	 in	 domesticated	 and	
experimental	 populations.	Consequently,	 to	 understand	 the	 impli-
cations	 of	 inbreeding	 for	mating	 system	evolution	 and	population	
dynamics,	the	magnitude	of	inbreeding	depression	in	male	gametic	
traits	 arising	 in	 wild	 populations	 showing	 natural	 degrees	 of	 in-
breeding	should	be	quantified.
However,	 surprisingly	 few	 studies	 have	 examined	 effects	 of	
inbreeding	 on	 sperm	 traits	 in	wild	 populations,	 and	 such	 studies	
have	primarily	focused	on	highly	inbred	populations.	The	percent-
age	 of	 morphologically	 abnormal	 sperm	 was	 greater	 in	 a	 highly	
inbred	 lion	 (Panthera leo)	 population	 with	 low	 population-	wide	
allozyme	heterozygosity	 than	 in	 an	adjacent	 larger,	more	hetero-
zygous	population	(Wildt	et	al.,	1987).	Similarly,	sperm	abnormal-
ity	decreased	with	microsatellite	heterozygosity	across	and	within	
European	 rabbit	 (Oryctolagus cuniculus)	 populations,	 particularly	
encompassing	 individuals	 from	 isolated	 island	 populations	 with	






performance	 traits	 across	 individuals	 within	 populations	 experi-
encing	more	typical	levels	of	inbreeding	are	therefore	required.
Studies	 aiming	 to	 quantify	 inbreeding	 effects	 on	 male	 gametic	




performance	 (Pizzari	 &	 Parker,	 2009).	 Under	 risk	 of	 sperm	 compe-
tition,	 males	 might	 trade-	off	 resources	 between	 traits	 that	 reduce	
sperm	 competition	 (e.g.,	 increased	mate	 guarding)	versus	 traits	 that	
increase	 fertilization	 success	 (e.g.,	 increased	 sperm	 quality,	 Kelly	
&	 Jennions,	 2011;	 Schradin,	 Eder,	 &	 Müller,	 2012).	 Such	 status-	
dependent	investment,	where	non-	mate-	guarding	floater,	satellite,	or	
sneaker	males	exhibit	better	sperm	performance	than	dominant	mate-	
guarding	males,	 has	 been	 observed	 in	 captive	 and	wild	 vertebrates	
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reproductive	 activity	 has	 been	 intensively	monitored	 and	 all	 indi-
viduals	hatched	on	Mandarte	have	been	color-	ringed	before	fledg-
ing	 (Losdat,	 Arcese,	 &	 Reid,	 2015;	 Smith,	 Keller,	Marr,	 &	 Arcese,	
2006).	 Mandarte’s	 song	 sparrows	 are	 primarily	 socially	 monoga-
mous;	 socially	 paired	 females	 and	 males	 defend	 territories	 and	
typically	 rear	 two	 or	 three	 broods	 of	 offspring	 during	 April–July	
every	 year,	 starting	 from	 age	 1	year.	 However,	 there	 is	 substan-
tial	 extrapair	paternity;	 on	average,	28%	of	offspring	 are	 sired	by	
extrapair	 males,	 affecting	 44%	 of	 broods	 (Sardell,	 Keller,	 Arcese,	






socially	 unpaired	 (Smith	 et	al.,	 2006)	 and	 can	 hence	 only	 achieve	
reproductive	success	through	extrapair	paternity.
The	 population	 numbered	 24–38	 pairs	 during	 2012–2014	
and	 receives	 occasional	 immigrants	 (average	 0.9	 reproductive	 im-
migrants	 per	 year,	Wolak	 &	 Reid,	 2016).	As	Mandarte	 forms	 part	
of	 a	 large	metapopulation,	 immigrants	 can	 be	 assumed	 to	 be	 un-





frequency	 of	 close	 inbreeding	 (i.e.,	 among	 first-	order	 relatives)	 is	
low	given	random	mating	(Keller,	1998;	Reid	et	al.,	2015).	However,	
there	 is	 frequent	 inbreeding	 among	 second-	 and	 third-	order	 rela-
tives,	 generating	 moderately	 inbred	 offspring	 (Reid	 et	al.,	 2015;	
Wolak	&	Reid,	2016).	Overall,	 the	combination	of	a	small	 resident	
core	population	with	a	low	natural	immigration	rate	generates	sub-
stantial	within-	population	variation	 in	 inbreeding	across	 the	 range	







To	measure	 sperm	 traits,	 we	mist-	netted	male	 song	 sparrows	 on	
their	territories	during	April	23rd	to	May	23rd	in	2012,	2013,	and	
2014	 (i.e.,	 early	 in	 each	 breeding	 season).	 Each	 male	 was	 sperm	
sampled	and	released	back	in	its	territory	within	ten	minutes.	Song	
sparrows’	 laying	 dates	 are	 highly	 asynchronous,	 such	 that	 at	 any	
point	throughout	the	catching	period,	some	females	were	likely	to	




immediately	 with	 prewarmed	 (40°C)	 Dulbecco’s	 modified	 Eagle’s	
medium	 (4,500	mg	 glucose/L,	 110	mg	 sodium	 pyruvate/L,	 4	mM	
L-	glutamine,	 Sigma-	Aldrich,	 UK).	 A	 9-	μl	 aliquot	 of	 sperm/Dulbecco	






a	 computer-	assisted	 sperm	 analysis	 plug-	in	 implemented	 in	 ImageJ	
software	(Wilson-	Leedy	&	Ingermann,	2007).	Sperm	cells	slower	than	
5 μm/s	were	considered	immotile	or	moved	by	drift.	Measuring	sperm	
performance	 in	 vitro	 right	 after	 ejaculation	 has	 proved	 biologically	









Denk,	 Holzmann,	 Peters,	 Vermeirssen,	 &	 Kempenaers,	 2005;	 Gage	
et	al.,	2004;	Malo	et	al.,	2005;	reviewed	in	Fitzpatrick	&	Lüpold,	2014;	
Simmons	&	Fitzpatrick,	2012;)	and	are	consequently	likely	to	be	under	
directional	 selection	and	hence	 to	show	 inbreeding	depression	 (e.g.,	
Crnokrak	&	Roff,	1999;	Lynch	&	Walsh,	1998).	We	also	quantified	the	
within-	ejaculate	variance	in	sperm	velocity	at	time	0	as	the	coefficient	
















pedigree	 (e.g.,	 Sardell	 et	al.,	 2010).	 This	 genetic	 pedigree	was	 com-
bined	with	 parentage	 inferred	 from	 comprehensive	 observations	 of	
social	pairings	spanning	1975–1992	to	compile	a	full	pedigree	covering	
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1975–2014	(Losdat	et	al.,	2015;	Reid,	Arcese,	Keller,	et	al.,	2014;	Reid,	
Arcese,	&	Losdat,	2014;	Sardell	et	al.,	2010).	We	applied	standard	al-
gorithms	 to	 the	 full	 pedigree	 to	 calculate	 each	male’s	 coefficient	 of	
inbreeding	f,	which	is	defined	as	the	probability	that	two	homologous	
alleles	will	be	 identical	by	descent	 relative	 to	 the	pedigree	baseline,	
and	 therefore	measures	 relative	 expected	 genome-	wide	homozygo-
sity.	For	example,	f = 0.0625	and	f = 0.125	correspond	to	males	whose	
parents	were	third-	order	and	second-	order	relatives,	respectively	(e.g.,	
first	cousins	and	half-	sibs).	The	males	whose	sperm	was	sampled	dur-
ing	 2012–2014	 had	 hatched	 during	 2007–2013.	 Consequently,	 all	

















ing	 status,	we	 fitted	 four	 separate	generalized	 linear	mixed	models.	
Dependent	 variables	were	 sperm	motility	 at	 time	 0	 (one	 value	 per	









of	male	 pairing	 status	 (two-	level	 factor,	 socially	 paired	 or	 unpaired)	
and	year	(three-	level	factor).	Sperm	performance	traits	might	also	vary	







However,	 to	 account	 for	 any	 such	 effects,	 all	 models	 additionally	
included	a	 fixed	 regression	on	male	age,	which	was	known	because	
all	 (nonimmigrant)	males	had	been	 ringed	as	 chicks.	All	models	 also	
included f-	by-	pairing	 status,	 f-	by-	age,	 and	 f-by-	year	 interactions	 to	
test	whether	 the	magnitude	 of	 inbreeding	 depression	 depended	on	
these	parameters.	Models	also	included	fixed	regressions	on	sampling	
date	within	year	 (Julian	date)	to	control	for	any	associated	variation.	
We	 also	 initially	 tested	 for	 effects	 of	 the	minutes	 elapsed	 between	









and	 denominator,	 respectively.	 Because	 these	 two	models	 required	
accounting	for	overdispersion,	they	were	fitted	in	a	Bayesian	MCMC	
framework,	 which	 allows	 estimating	 residual	 variance.	 Models	 of	
sperm	velocity	 and	CVvelocity	were	 fitted	 in	 a	 frequentist	 framework	
using	 restricted	 maximum-	likelihood	 estimation,	 assuming	 Gaussian	
error	structures.	Because	log(fitness)	is	expected	to	decrease	linearly	
with	 individual	 f	 (given	multiplicative	 allelic	 effects,	Keller	&	Waller,	




















(Whittingham,	 Stephens,	 Bradbury,	 &	 Freckleton,	 2006);	 parameters	
were	 hence	 estimated	 in	 final	models	 containing	 all	 fixed	 effects	 and	
interactions	considered	significant	(i.e.,	p	<	.05	in	frequentist	models	or	
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3  | RESULTS
3.1 | Data structure
Sperm	 performance	 was	 measured	 in	 54	Mandarte-	hatched	 males	
totaling	66	observations	 (30,	20,	 and	16	 in	2012,	2013,	 and	2014,	
respectively),	 and	 representing	 78%	 of	 all	 adult	 males	 present	 on	
Mandarte	 during	 2012-	2014.	 Seven	 of	 these	males	 (nine	 observa-











Mean	 coefficient	 of	 inbreeding	 f	 across	 all	 54	 native	 males	 was	
0.072	±	0.046,	which	 equates	 to	offspring	of	matings	 between	 inbred	
third-	order	 relatives	 such	as	 first	 cousins.	However,	 individual	 f	values	







with	 respect	 to	 f	 (Wilcoxon	 test:	W	=	409,	p	=	.31),	but	 socially	paired	
males	were	typically	older	than	unpaired	males	(mean	ages:	2.0	and	1.3,	
medians:	2	and	1	years	old,	respectively,	W	=	706,	p = .001).





than	 in	 2013	 and	 2014,	 and	 increased	with	 Julian	 date	 (Table	1).	
Sperm	longevity	(i.e.,	the	decrease	in	motility	over	the	series	of	time	




S5).	 Further,	 sperm	velocity	 and	CVvelocity	measured	 at	 time	0	did	
not	 vary	 significantly	 with	male	 f,	 pairing	 status,	 or	 age	 (Table	2,	
Figure	2),	or	with	any	of	the	interactions	(Table	S6).	The	estimated	
inbreeding	 load	 in	 sperm	motility	 (i.e.,	 “sperm	 lethal	 equivalents”)	
was	0.35	 (95%	CI	−1.40–2.10),	and	the	estimated	 inbreeding	 load	
in	 sperm	 velocity	was	 0.05	 (95%	CI	 −0.65–0.75,	 Table	2).	 Across	
the	 10	males	 sampled	more	 than	 once,	 we	 estimated	 repeatabil-
ity	 of	motility	 and	 velocity	 using	Gaussian	mixed	models	with	 in-
dividual	male	 identity	 fitted	as	 random	effect	and	no	fixed	effect.	
Repeatability,	the	ratio	of	the	random	effect	variance	for	male	iden-
tity	divided	by	the	sum	of	the	variance	for	male	identity	and	residual	
variance	 (Nakagawa	&	 Schielzeth	 2010),	was	 low	 (motility:	 r=.18,	
















that	 inbreeding	 increased	 the	 within-	individual	 variance	 in	 gametic	
trait	expression.



















motility	 between	 males	 of	 f = 0	 and	 f = 0.072).	 We	 could	 conse-
quently	have	detected	 the	 inbreeding	 loads	 that	were	detected	 in	
sperm	 velocity	 in	 zebra	 finches	 (B	=	−1.34,	 Opatová	 et	al.,	 2016)	
















(A) Sperm motility (B) Sperm longevity
Posterior mean (95% 
HPD) pMCMC Posterior mean (95% HPD) pMCMC
(Intercept) −10.4	(−14.9	to	−5.7) -	 −8.2	(−11.3–5.3) -	
f 1.1	(−6.0–7.5) 0.73 4.2	(−2.8–10.9) 0.56
Pairing	statusa 0.3	(−0.2–0.8) 0.33 −0.2	(−0.5–0.2) 0.24
Year
	(2013)b 0.7	(0.1–1.2) 0.02 0.3	(0.02–0.63) 0.05
	(2014)b 0.6	(−0.1–1.3) 0.08 0.7	(0.1–1.2) 0.01
Age −0.02	(−0.3–0.3) 0.90 −0.03	(−0.3–0.2) 0.86
Julian	date 0.07	(0.04–0.11) <0.002 0.05	(0.03	to	−0.08) 0.001
Time -	 -	 −0.003	(−0.004	to	−0.002) 0.001
Motility	time	0 -	 -	 0.04	(−0.49–0.45) 0.96
Time	×	Motility	time	0 -	 -	 <0.002	(−0.002–0.002) 0.68
Time	×	f -	 -	 0.02	(−8.1–0.01) 0.78
Time	×	Mating	statusa -	 -	 <0.001	(−0.001–0.01) 0.92






Sperm velocity Coefficient of variation in sperm velocity
Estimate (95% CI) Fdf p Estimate (95% CI) Fdf p
(Intercept) 1.57	(1.08–2.07) -	 -	 5.1	(−81.5–91.8) -	 -	
f 0.05	(−0.67–0.75) 0.021,55 .89 −30.0	(−153.0–94.4) 0.20 1,39 .66
Pairing	statusa −0.009	(−0.07–0.05) 0.081,56 .78 5.83	(−5.37–17.0) 0.89	1,49 .35
Age −0.00003	(−0.03–0.03) 0.0011,64 .99 4.24	(−2.3–10.7) 1.37 1,48 .25
Year
	(2013)b (−0.05–0.08) 0.142,50 .87 −0.56	(−11.8–10.7) 0.22 2,37 .80
	(2014)b −0.005	(−0.07–0.06) 3.66	(−8.9–16.2)













with	 general	 evidence	 of	 inbreeding	 depression	 in	male	 sperm	 trait	











values	 due	 to	 high	population-	wide	 inbreeding,	 as	 observed	 in	wild	
lion	and	rabbit	populations	(Gage	et	al.,	2006;	Wildt	et	al.,	1987)	and	
inferred	in	cheetahs	(Terrell	et	al.,	2016).	Population-	wide	inbreeding	




higher	 sperm	 trait	 values	 than	 offspring	 of	 	native–native	 pairings	
(Figure	1).
In	 the	 wider	 context,	 recent	 studies	 on	 captive	 and	 experi-
mental	populations	that	estimated	inbreeding	depression	in	sperm	




inbred	wild-	caught	 zebra	 finches	 (f = 0.25,	Opatová	 et	al.,	 2016),	
but	 there	was	 no	 effect	 of	 inbreeding	 on	 sperm	 velocity,	 motil-
ity,	or	longevity	in	inbred	captive	lake	trout	(Salvelinus namaycush,	




affect	 male	 reproductive	 success	 (reviewed	 in	 Pizzari	 &	 Parker,	
2009;	Fitzpatrick	&	Lüpold,	2014).	However,	 there	may	still	 be	a	
nonlinear	relationship	between	sperm	trait	values	and	f,	where	in-
breeding	 expression	 could	 be	manifested	 and/or	 detectable	 only	
at	very	high	f	values	that	exceed	those	observed	in	song	sparrows.	
This	 scenario	was	 observed	 in	 guppies	 (Poecilia reticulata)	 and	 in	
Drosophila melanogaster	where	measures	of	sperm	competitiveness	
showed	inbreeding	depression	at	f > 0.50	but	not	at	f = 0.25	(Ala-	




The	 apparent	 absence	 of	 inbreeding	 depression	 in	 sperm	 per-
formance	across	degrees	of	inbreeding	that	might	commonly	occur	
in	wild	populations	of	nonselfing	organisms	has	implications	for	the	
mechanisms	 causing	variation	 in	 reproductive	 success	 and	 associ-




annual	 breeding	 success	 in	 polygynous	 red	 deer	 Cervus elaphus 
(Huisman,	 Kruuk,	 Ellis,	 Clutton-	Brock,	 &	 Pemberton,	 2016).	 The	






It	 also	 implies	 that	 inbreeding	 depression	 might	 not	 substantially	
affect	 population	 dynamics	 through	 reductions	 in	 sperm	 perfor-
mance,	or	substantially	affect	the	fertility	of	females	that	mate	with	





within-	species	 relationships	 between	 sperm	 morphology	 and	 fer-
tilization	 success	 remain	 unclear	 (Simmons	 &	 Fitzpatrick,	 2012),	




locity.	There	was	 therefore	 no	 evidence	 of	 differential	 investment	
in	sperm	performance	across	males	with	different	social	status	and	
hence	different	reproductive	tactics.	This	may	reflect	strong	selec-
tion	 acting	 on	 sperm	 traits	 across	 all	 males	 in	 a	 polyandrous	 sys-
tem	with	consequent	widespread	sperm	competition	(Fitzpatrick	&	
Lüpold,	2014;	Pizzari	&	Parker,	2009).	 Interestingly,	unpaired	male	
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